Smaller guts and slow initial mass gains at stopover sites have led to the idea that digestive physiology limits refueling rates in migrating birds. We tested the digestive-limitation hypothesis in yellow-rumped warblers using food restriction to simulate infrequent feeding during migration, which may cause a reduction in alimentary tract mass. Restricted birds had small intestine, pancreas, and liver masses 18%-22% lower than ad lib.-fed controls. Total activities of sucrase, maltase, aminopeptidase, and amylase were significantly lower in restricted birds, while those of trypsin and chymotrypsin were not. Only aminopeptidase mass-specific activity was significantly lower in restricted birds. Previously restricted birds were able to feed and digest at a high rate immediately following return to ad lib. feeding. Digestive efficiency did not differ between groups. These results suggest that before migration yellow-rumped warblers have some spare digestive capacity to compensate for declines in their digestive organ masses during migration.
Introduction
Migrant birds at stopover sites may be under selective pressure to refuel rapidly in order to complete migration quickly and thus minimize the time that they are exposed to the risks of migration (Lindstrom and Alerstam 1992; Klaassen and Lind-strom 1996) . However, in many cases birds have been observed to gain mass very slowly or even to lose mass after arrival at a stopover site (Davis 1962; Biebach et al. 1986; Moore and Kerlinger 1987; Carpenter et al. 1993; Parrish 1997) . Possible ecological causes of this time lag in mass gain include limited access to food due to competition with other migrants (Moore and Yong 1991) , time needed to establish territories (Davis 1962; Rappole and Warner 1976) , and the stress or lost foraging opportunities due to capture (Mueller and Berger 1966) . Carpenter et al. (1993) found that migrant hummingbirds at a stopover site slowly gain lean mass and then rapidly increase lipid stores. These results provide support for the nutrientlimitation hypothesis, which states that slow initial rates of mass gain at stopover sites occur because birds must first slowly replenish protein stores used during migration before they can begin depositing fat (McWilliams and Karasov 2001) . Not exclusive of the nutrient-limitation hypothesis is the digestivelimitation (or gut-limitation) hypothesis. According to this hypothesis, when birds lose digestive tract tissue during migration, they also lose digestive function, and thus their digestive organs must be restored before they can feed and digest at a high rate (reviewed in McWilliams and Karasov 2001) . Reductions in digestive and assimilatory organs have been observed in migrating birds (Karasov and Pinshow 1998) , and two laboratory studies have correlated decreased digestive and assimilatory organ masses with decreased food intake and digestion rates (Hume and Biebach 1996 in garden warblers Sylvia borin; Karasov and Pinshow 2000 in blackcap warblers Sylvia atricapilla). These results provide support for the digestive-limitation hypothesis. However, no studies have shown that decreases in digestive organ masses result in decreased biochemical digestive capacity in wild birds or what magnitude of decreased capacity results in the inability to feed at or above maintenance levels. In addition, both studies cited above that examined the relationship between digestive organ masses and digestive capacity used fasting to reduce digestive organs in long-distance migrants. The results from these studies may be relevant to migrants that fly for several days at a time without access to food, but they may be less appropriate for short-hop migrants that can stop frequently to feed in the course of migration.
To test the digestive-limitation hypothesis in a short-hop migrant, we chose yellow-rumped warblers (Dendroica coronata) because migrants of this species have decreased small intestine sizes (D. Afik, unpublished data) and slow initial rates of mass gain at stopover sites (Murray 1979) . We used food restriction (54% ad lib. intake) to reduce digestive organ sizes rather than fasting because yellow-rumped warblers probably rarely face extended periods without food during their protracted and mostly overland migration (Keast 1980; Hunt and Flaspohler 1998) . Thus, a limited flow of nutrients through the intestine probably more closely approximates the biochemical environment experienced by the gut of a migrating yellowrumped warbler than does complete fasting. We made four predictions related to the digestive-limitation hypothesis. First, we predicted that following 3 d of food restriction, yellowrumped warblers would have smaller organs of digestion and assimilation than unrestricted birds, as has been found previously in other passerine species following fasting (Hume and Biebach 1996; Karasov and Pinshow 1998; Karasov and Pinshow 2000) and food restriction (W. H. Karasov and B. Pinshow unpublished data) . Second, we predicted that warblers with decreased digestive organ masses would experience an associated decrease in biochemical digestive capacity as measured by digestive enzyme activities. Although no studies to our knowledge have evaluated the effects of food restriction on digestive enzyme activities in passerine birds, some passerine species have been observed to respond to increases in food intake by increasing gut size with no change in mass-specific enzyme activities. This results in increased total hydrolysis capacities of digestive enzymes (reviewed in McWilliams and Karasov 2001) . Therefore, we expected that restricted yellow-rumped warblers would experience a decline in total digestive enzyme activities as a result of decreases in digestive organ masses. Third, we predicted that previously restricted warblers would not be able to feed and digest at a high rate immediately following return to ad lib. feeding as a result of the predicted decrease in biochemical digestive capacity but that feeding rate would increase over several days as the gut was presumably restored. Finally, we predicted that, as found by Klaasen and Biebach (1994) , Klaasen et al. (1997) , and Karasov and Pinshow (2000) in other passerine species, previously restricted birds would regain mass through hyperphagia and not by increasing digestive efficiency.
Material and Methods

Birds and Their Maintenance
Yellow-rumped warblers were captured in mist nets during autumn migration (between September 9 and November 1, 1999) in Chippewa Falls, Wisconsin (45Њ00ЈN, 91Њ30ЈW), and Block Island, Rhode Island (41Њ12ЈN, 71Њ35ЈW), and were then transferred to our laboratory in Madison, Wisconsin. Mass at capture was measured to ‫1.0ע‬ g and wing chord was measured to ‫1.0ע‬ mm. Birds were maintained in an animal room at 23ЊC on a constant light cycle that simulated the natural light cycle at time of capture (11L : 13D). Birds were acclimated to the diet and laboratory conditions for at least 4 wk before the experiment, and experiments were carried out during the first 2 wk of December 1999. Yellow-rumped warblers have been shown to maintain migratory behavior from September into January (Terrill and Ohmart 1984) , so we assumed that the birds were in migratory condition. Each bird was housed in an individual stainless steel cage ( ) with 60 cm # 45 cm # 33 cm a perch and containers for food and water. During the acclimation period, food and water were provided ad lib. The warblers were fed a synthetic fruit mash (Denslow et al. 1987) supplemented with approximately 1.20 g (dry mass) mealworms (Fluker's Farms, Baton Rouge, La.) provided over three daily feedings. Fresh fruit mash was prepared every 2-3 d. Samples of fruit mash and mealworms were dried at 50ЊC and weighed ‫10.0ע(‬ g) to determine dry : wet ratios ( ): mean ‫ע‬ SE g dry to 1.0 g wet fruit mash ( measure-0.14 ‫ע‬ 0.008 n p 20 ments on five batches of mash) and g dry to 1.0 0.40 ‫ע‬ 0.008 g wet mealworms ( measurements). All fruit mash and n p 4 mealworm masses hereafter will be reported on a dry mass basis.
Generally birds ate all the mealworms provided. Uneaten fruit mash from the previous day was collected immediately after lights on so the birds could not eat before being weighed, and body mass was measured daily ‫1.0ע(‬ g) within 1 h of lights on. Uneaten mash was dried (50ЊC) and weighed to calculate drymatter intake ( dry mass mass DMI p calculated offered Ϫ dry of uneaten food). The average intake of fruit mash during 2-3 d was used to determine the amount of food provided to each bird during the restriction period.
Experiment 1
The first experiment consisted of 3 d of food restriction followed by 5 d of ad lib. feeding. Birds were randomly assigned to treatment ( ) and control ( ) groups. Treatment birds n p 13 n p 13 were restricted to half their daily ad lib. feeding rates ( daily ad lib. mash intake plus g 50.14% ‫ע‬ 0.75% 0.19 ‫ע‬ 0.003 mealworms at each of three daily feedings, given in mean ‫ע‬ ) for the first seven feedings (two full days plus the morning SE feeding of the third day). Because weight loss after the second day had slowed greatly and some birds lost no mass from day 2 to day 3, food restriction was increased to 67% (33.50% ‫ע‬ daily ad lib. mash intake plus g mealworms 0.25% 0.13 ‫ע‬ 0.002 per feeding) for the last two feedings, resulting in an average intake of of ad lib. intake levels over the 3-d 43.49% ‫ע‬ 1.03% restriction period. Control birds were fed fruit mash ad lib. and g mealworms per day. After 3 d, all birds were fed 1.15 ‫ע‬ 0.013 fruit mash ad lib. and g mealworms per day. During 1.20 ‫ע‬ 0.002 the 5-d refeeding period, DMI was measured as described above and excreta was collected daily. Excreta was dried (50ЊC) and weighed to ‫1.0ע‬ mg. Apparent digestion rate was estimated as the difference between dry-matter consumption rate (g/d) and dry-excreta production rate (g/d). Apparent digestive efficiency was estimated by the ratio of apparent digestion rate to drymatter consumption rate.
Experiment 2
Experiment 2 was carried out 1 d after experiment 1 was completed. Treatment and control groups were randomly reassigned. The same procedure of food restriction for treatment birds and ad lib. feeding for control birds was followed as in the first 3 d of experiment 1. The amount of food given during restriction was again based on individual birds' ad lib. feeding rates. After 3 d of either food restriction or ad lib. feeding, the birds were killed with an overdose of IsoFlo (isoflurane, Abbott Laboratories). The liver and pancreas were removed, rinsed in ice-cold saline solution, blotted, and weighed ‫1.0ע(‬ mg). The small intestine was removed, perfused with ice-cold saline solution, blotted, and weighed ‫1.0ע(‬ mg), and the length was measured ‫1.0ע‬ cm. One-centimeter pieces of the small intestine from the most distal and proximal and the medial (45%) region were collected for enzyme assays. Each piece was cut longitudinally and laid open on a metal dissection plate on ice, and the length and three width measurements were taken with a microcaliper ‫10.0ע(‬ cm) to determine nominal surface area. Small intestine tissues and pancreases were weighed ‫10.0ע(‬ mg) and stored in cryovials in a Ϫ80ЊC freezer for 1 mo, after which time they were transferred to liquid nitrogen for storage until the enzyme assays were performed.
Enzyme Assays
Intestinal Enzymes. We assayed disaccharidase activities with a modification of Dahlqvist's (1984) colorimetric method described by Martinez del Rio (1990) and Afik et al. (1995) . A brief description of the method follows: Tissues were thawed at 4ЊC and homogenized in 350 mM mannitol in 1 mM N-2-hydroxyethylpiperazine-N -2-ethanesulfonic acid/KOH, pH 7.0 (15 s, tissue : buffer 1 : 10, Fisher Scientific homogenizer on the midspeed setting). Tissue homogenates were diluted with the homogenizing buffer (1 : 5 for sucrase assays and 1 : 100 for maltase assays), and 40 mL of the diluted homogenate was incubated at 40ЊC with 40 mL of 56 mM sugar (sucrose or maltose) in 0.1 M malate/NaOH buffer (pH 6.5) for 10 min. We arrested reactions by adding 1 mL of stop/develop reagent (Wiener Lab's Glicemia Enzimatica kit). After 20 min, absorbances were read at 505 nm on a Metrolab 1500 UV/visible spectrophotometer. For aminopeptidase-N assays, the tissue homogenate was diluted 1 : 1 with the homogenizing buffer, and 10 mL of the diluted homogenate was incubated with 1 mL of 2.0 mM l-alanine-p-nitroanilide in 0.2 M NaH 2 PO 4 / Na 2 HPO 4 buffer (pH 7) at 40ЊC for 20 min. The reaction was arrested with 3 mL 2 N acetic acid, and absorbance was read at 384 nm.
Pancreatic Enzymes. Pancreases were thawed at 4ЊC and cut longitudinally into two parts. One part of each pancreas was homogenized in 50 mM mM taurochloric acid with Tris ϩ 3 270 mL/L Triton X-100 (pH 8.2) for trypsin and chymotrypsin assays, and the second part was homogenized in 0.05 M phosphate buffer (pH 6.9) with 2 mM hydrocinnamic acid and 1 mM benzamidine for amylase assays. For trypsin assays, homogenates were diluted 1 : 10 with the homogenizing buffer, and 60 mL dilute homogenate was incubated with 30 mL 0.3% enterokinase (Sigma) at 25ЊC for 1 h to activate the trypsinogen in the sample. From the activated sample, 16 mL was incubated with 1 mM DL-BAPNA (Na-benzoyl-l-argininep-nitroanilide) in 800 mL 50 mM Tris/HCl with 20 mM CaCl 2 (pH 8.2) plus 144 mL additional Tris/HCl buffer (to fill the cuvette volume) for 10 min at 25ЊC. For chymotrypsin assays, the homogenate was diluted 1 : 5 with 50 mM Tris/HCl in 20 mM CaCl 2 (pH 8.2), and 150 mL dilute homogenate was incubated with 0.3% enterokinase for 1 h at 25ЊC to activate chymotrypsinogen in the sample; 160 mL of the activated sample was then incubated with 800 mL 1 mM GPNA (N-glutaryll-phenylalanine-p-nitroanilide) for 10 min at 25ЊC. Both trypsin-and chymotrypsin-mediated reactions were arrested with 160 mL 30% acetic acid, and the absorbances of the samples were read at 410 nm. For amylase assays, the homogenate was diluted 1 : 100 with the homogenizing buffer, and 100 mL of the diluted homogenate was incubated with 100 mL 2% starch (Sigma) at 40ЊC for 3 min. We arrested the reaction by adding 200 mL 3,5-dinitrosalicylic acid and submerging the test tubes in boiling water for 10 min. The tubes were then cooled under running water, each sample was diluted with 2 mL distilled water, and absorbances were read at 530 nm.
All Assays. For both intestinal and pancreatic enzymes, each assay was done in duplicate. For all enzymes except chymotrypsin, the standard error of the replicates was within 10% of the mean. For chymotrypsin, 73% of the assays had standard errors within 10% of their means, and 96% were within 50%. We calculated the activities of all enzymes with a standard curve that we created by reading the absorbances of known concentrations of the reaction end product (glucose in the case of sucrase and maltase enzymes, p-nitroaniline for aminopeptidase, trypsin, and chymotrypsin assays, and maltose for amylase assays). Activities were standardized to the wet mass of the small intestine piece or pancreas, yielding results in micromoles per gram per minute. Protein content was measured (Proti 2 Wiener Lab kit) as a function of intestinal or pancreatic wet mass, and intestinal surface area was measured for purposes of comparison with other results reported on an activity per gram protein or per centimeter-squared basis. We calculated hydrolysis capacities for pancreatic enzymes by multiplying massspecific activities by organ wet masses. They are given in units of micromoles per minute. We calculated those for intestinal enzymes by multiplying the activity per centimeter at each intestinal position (proximal, medial, distal) by one-third of the total intestinal length and summing the products. given at day 0 were those measured in the morning on the first day of ad lib. feeding. Each point represents the daily mean for the experimental . Asterisk represents significant differences begroup ‫ע‬ SE tween daily means.
Figure 2. Dry-matter intake rates (top panel), apparent digestion rates (middle panel), and apparent digestive efficiencies (bottom panel) of control and previously restricted yellow-rumped warblers over the 5 d following return to ad lib. feeding. Previously restricted birds had significantly higher intake rates ( ) and apparent digestion P p 0.009 rates ( ), but apparent digestive efficiencies were not signif-P p 0.008 icantly different between the two groups ( ). Each point rep-P p 0.387 resents the daily . Asterisks represent significant differences mean ‫ע‬ SE between daily means.
Statistical Methods
Repeated-measures analysis of variance (ANOVA) was used to compare feeding and digestion rates and digestive efficiency between experimental groups over the 5-d refeeding period in experiment 1 and to compare protein content and nominal surface area between intestinal regions and between experimental groups in experiment 2. Digestive efficiency values were arcsine square root transformed. Two-sample, two-tailed t-tests were used to test for differences in structural size and body mass measured before the experiments, and one-tailed t-tests were used to test for differences in body mass between treatment groups following the experiments. A general linear model including group assignments in both experiments and an interaction term as factors was used to test for effects of experiment 1 and experiment 2 group assignments on organ measurements, hydrolysis capacities of all enzymes, and mass-specific activities of pancreatic enzymes. Repeated-measures ANOVA including factors for group assignment in each experiment and an interaction term was used to test for effects of group assignment and intestinal position on mass-specific enzyme activities. To determine whether digestive organs were reduced disproportionately relative to body mass loss, we regressed -transformed organ masses against -log log 10 10 transformed body masses (minus the organ in question) and compared the residuals of the control and restricted groups using two-tailed t-tests. All tests were performed in SYSTAT (Wilkinson 1992 .001 , ; Fig. 1 ). Immediately following return T p Ϫ4.00 P ! 0.001 24 to ad lib. feeding, restricted birds began to gain mass rapidly, and after 5 d of refeeding, they reached the same average mass as controls (Fig. 1) .
During the 5-d refeeding period, DMI was significantly higher (by 24.5%) in previously restricted yellow-rumped warblers than in controls (Fig. 2, top panel) . DMI varied significantly with time since return to ad lib. feeding, with the DMI of both controls and previously restricted birds dropping slightly over the 5-d refeeding period (effect of "day": F p Previously restricted birds also had significantly higher apparent digestion rates (by 18.4%) than controls over the 5-d refeeding period (Fig. 2, middle panel) . Digestion rate varied significantly with day since return to ad lib. feeding in both groups, dropping over the refeeding period (effect of day: , ), but this pattern was not significantly F p 20.130 P ! 0.001 4, 96 different between groups ( , for the F p 1.324 P p 0.266 4, 96 interaction term; Fig. 2, middle panel) . group # day Apparent digestive efficiency did not differ significantly between previously restricted and control groups (Fig. 2, bottom  panel) . Digestive efficiency varied significantly with time since return to ad lib. feeding (effect of day: , F p 13.252 P ! 4, 96 ), and this variation over time differed significantly be-0.001 tween previously restricted and control birds ( , F p 5.063 4, 96 for the interaction). Testing the slope P p 0.001 group # day of each group individually using repeated-measures ANOVA showed that both slopes were significantly different from 0 (restricted: , ; controls: , F p 11.543 P ! 0.001 F p 5.717 4, 48 4, 48 ). P p 0.001
Experiment 2
Mean body masses and organ masses for the two experimental groups following experiment 2 are shown in Table 1 . After 3 d of food restriction in experiment 2, restricted birds had body masses 14.1% lower than controls. Small intestine mass and length were significantly lower in restricted birds than in controls (by 18.2% and 9.4%, respectively). Restricted birds had significantly lower pancreas and liver masses than did controls (21.9% and 19.3% less, respectively). Below, we test for treatment effects on organ masses correcting for body mass differences.
Experiment 1 # Experiment 2 Effects on Organ Masses
Experiment 1 group assignment had no significant effect on small intestine length but did have a marginally nonsignificant effect on small intestine mass ( ; Table 2 ). Yellow-P p 0.075 rumped warblers that had been restricted in experiment 1 had higher pancreas and liver masses than birds that had never been restricted in their respective experiment 2 groups (Table 2) .
We also tested whether organ masses changed disproportionately relative to body mass by comparing the relationships between body and organ masses between the two groups. There was no difference in the relationship between pancreas mass ( , Mass-specific activities of sucrase and maltase varied significantly with intestinal position in both restricted and control , for maltase interaction). Su-1.616 P p 0.210 group # position crase mass-specific activities did not differ significantly between experiment 2 groups ( , ), but there was F p 1.143 P p 0.297 1, 22 a trend for lower maltase mass-specific activity in restricted birds ( , ; Fig. 3 ). F p 3.334 P p 0.081 1, 22 Mass-specific aminopeptidase activities also varied significantly with intestinal position in both groups (F p 2, 44 , ), being highest in the distal region and lowest 10.568 P ! 0.001 in the medial region (Fig. 3) . This pattern did not differ between treatment groups ( , for the F p 1.735 P p 0.188 2, 44 interaction term). Mass-specific aminopepgroup # position tidase activity was 27% higher in control than restricted birds ( , ; Fig. 3 ). F p 8.532 P p 0.008 1, 22 Estimated hydrolysis capacities for sucrase, maltase, and aminopeptidase for the entire small intestine are given in micromoles per minute (Table 3) . Hydrolysis capacities were significantly higher in controls than in restricted birds for all three intestinal enzymes, with differences of 38.0%, 40.9%, and 47.8% for sucrase, maltase, and aminopeptidase, respectively.
Pancreatic Enzymes. Average protein content of the pancreas was mg/mg wet tissue mass and did not differ 0.32 ‫ע‬ 0.02 significantly according to experimental group ( , F p 3.539 1, 23 ). Mass-specific activities of trypsin, chymotrypsin, P p 0.073 and amylase did not differ significantly between experiment 2 restricted and control groups (Table 4) . Hydrolysis capacities (for the whole pancreas; mmol/min) of trypsin and chymotrypsin did not differ significantly by group, but total amylase activity was significantly higher (a 36.9% difference) in controls than in restricted birds (Table 4) .
Because group assignment in experiment 1 had significantly affected pancreas and liver masses measured at the end of experiment 2, we included terms for group assignments in both experiments in the general linear model. Experiment 1 group assignment had no significant effect on mass-specific enzyme activities (sucrase: , ; maltase: 
Discussion
Responses to Food Restriction
Reduced digestive organ masses in migrants (Klaasen and Biebach 1994; Karasov and Pinshow 1998) and low initial rates of mass gain at stopover sites where food is apparently abundant (Davis 1962; Moore and Kerlinger 1987; Carpenter et al. 1993 ) suggest a digestive limitation to refueling in migratory birds. We sought to test the digestive-limitation hypothesis using food restriction to reduce digestive organ sizes in yellow-rumped Figure 3 . Mass-specific activity of sucrase, maltase, and aminopeptidase for restricted and control yellow-rumped warblers in proximal, medial, and distal regions of the small intestine. Activities were normalized to wet mass (g) of the intestinal tissue samples used. Sucrase and maltase activities per gram wet tissue were not significantly different between experimental groups ( , and , F p 1.140 P p 0.296 F p 3.431 1, 24 1, 24 ), but controls had significantly higher aminopeptidase ac-P p 0.076 tivities per gram wet tissue than did restricted birds ( , F p 11.868 1, 24 ). Each point represents the experimental group P p 0.002 mean ‫ע‬ . SE warblers. We made four predictions related to this hypothesis. Restricted birds experienced 18.2%, 19.3%, and 21.9% reductions in small intestine, liver, and pancreas masses, respectively, which supports our first prediction that food restriction would result in decreased organ masses. The magnitude of the organ mass reductions we observed is moderate in comparison with the reductions reported for migrating yellow-rumped warblers killed at a television tower (44% reduction in small intestine mass; D. Afik, unpublished data). To achieve a higher level of organ mass reduction, a more severe food restriction than the 53.8% average we used over 3 d would have been needed; however, in a pilot study many birds died during or were unable to recover from a 67% 3-d food restriction.
Our second prediction, that birds with decreased digestive organ masses would experience an associated decrease in biochemical capacity to digest food, was also supported: disaccharidase, aminopeptidase, and amylase total activities were 37%-48% lower in restricted birds than in controls. These decreases were mostly due to decreases in small intestine and pancreas masses; that is, mass-specific activities of these enzymes did not significantly decrease except in the case of aminopeptidase, but overall activities did decrease significantly due to organ mass loss. There are no other studies to our knowledge that report digestive enzyme activities in wild birds following food restriction. However, in a study investigating physiological responses to increases in food intake, cedar waxwings (McWilliams et al. 1999) responded to increases in food intake by increasing the length, mass, and volume of the gut with no change in mass-specific enzyme activities. This resulted in nonspecific up-regulation of intestinal enzymes similar to the nonspecific down-regulation we observed.
There is also some information on the digestive response of yellow-rumped warblers to changes in diet quality: Afik et al. (1995) and Ciminari et al. (2001) observed nonspecific modulation of disaccharidases and pancreatic enzymes but massspecific modulation of aminopeptidase in yellow-rumped warblers in response to diet change. Studies using other passerine species have also observed mass-specific modulation of aminopeptidase but not disaccharidases Caviedes-Vidal et al. 2000 ; but see Levey et al. 1999 ). It appears that many passerines respond to changes in quality or quantity of diet through changes in the amount of gut and thus in total activities of digestive enzymes rather than regulating mass-specific enzyme activities (but see Levey et al. 1999) . Regardless of the mode of modulation, our results show that restricted birds experienced a marked decrease in their capacity to break down dietary sugars and proteins as a direct result of loss of alimentary tract mass.
Our third prediction, that following 3 d of food restriction yellow-rumped warblers would have initially low but slowly increasing rates of feeding, digestion, and mass gain, was not supported. Previously restricted warblers were able to feed, di- (Karasov and Pinshow 2000) and whitecrowned sparrows (Zonotrichia leucophrys; Murphy et al. 1989 , digestion rate not measured). In contrast, studies that have used fasting to simulate loss of digestive tract mass during migration have reported low initial rates of feeding, digestion, and mass gain following return to ad lib. feeding (Klassen and Biebach 1994; and Hume and Biebach 1996 in garden warblers; Klaassen et al. 1997 in the nightingale thrush Luscinia luscinia). These differing responses may reflect a difference in degree of digestive organ atrophy; lower feeding and digestion rates in previously fasted birds may result from greater reductions in size and function of digestive organs. Alternatively, completely ceasing nutrient flow through the gut versus reducing intake to a low level may elicit qualitatively different biochemical responses. The literature on fasting responses in mammals provides evidence that fasting causes decreased mass-specific brush-border enzyme activities (Young et al. 1973; Holt and Yeh 1992) ; these results contrast with the nonspecific decreases we observed. Miura et al. (1992) showed that ceasing nutrient flow through the intestine but giving total parenteral nutrition results in decreased digestive enzyme activities in the rat. This result shows that lack of nutrient flow through the gut, even in an animal in energy balance, decreases enzymatic activity.
Our fourth prediction was that previously restricted warblers would gain mass through hyperphagia and not by increasing digestive efficiency. Reports on the effects of fasting or food restriction on digestive efficiency are mixed: Hume and Biebach (1996) reported higher digestive efficiency on the first day of ad lib. feeding following 2 d of fasting in garden warblers, while other studies have found no effect of fasting (Klaassen and Biebach 1994; Klaassen et al. 1997; Karasov and Pinshow 2000) or food restriction (Karasov and Pinshow 2000) on digestive efficiency in migratory warblers. Our results support the latter studies; previously restricted birds digested more than control birds due to hyperphagia and not because of a difference in digestive efficiency.
Due to limitations in number of birds, we did not measure organ masses or digestive function in birds that had been restricted and then refed. However, analysis of the effects of experiment 1 group assignment on experiment 2 results allowed us to make some inferences about how these parameters changed in response to refeeding. Birds that were restricted in experiment 1 had significantly larger organs than did the other birds in their respective experiment 2 groups that had been controls in experiment 1; this may reflect an overcompensation by the previously restricted birds for their losses in digestive and assimilatory organ masses. These measurements were taken 9 d after the end of experiment 1 food restriction. Birds that had been restricted in experiment 1 had pancreases and livers 20%-30% bigger than experiment 1 controls within their respective experiment 2 groups. Though statistically only a trend, birds restricted in experiment 1 had small intestines ca. 13% larger on average than experiment 1 controls at the end of experiment 2. A high level of investment in digestive and assimilatory organs during stopover in response to loss of these tissues might provide an additional buffer against unpredictable or periodic food availability. Passerines have been shown to respond to variable food availability by maintaining fat reserves at higher levels than birds with constant food availability (Bednekoff and Krebs 1995; Witter et al. 1995) , and maintenance of larger digestive and assimilatory organs may represent a similar strategy. Additional measurements of changes in digestive organ masses and function in passerines in response to variable feeding are needed to evaluate this possibility.
Digestive-Limitation Hypothesis and Spare Digestive Capacity
Low initial rates of mass gain at stopover sites suggest that there are one or more factors that compromise migrants' ability to refuel and gain mass. This study and others have offered evi-dence that digestive physiology may play a role in limiting refueling rates of migrating birds. At least one study has shown that the digestive organs of migratory birds are reduced in mass at stopover sites (Karasov and Pinshow 1998) , and a few studies have shown that organ mass decreases are correlated with a decreased ability to feed (Hume and Biebach 1996; Karasov and Pinshow 2000) . This is this first study to establish a causal connection between decreases in digestive organ masses in a migratory passerine and a possible mechanism for a physiological limitation to refueling rate, decreases in biochemical digestive capacity. However, we have also shown that the existence of spare digestive capacity is important in determining how the loss of digestive tract tissue affects feeding rate. For a given species, how severely digestive organ reductions during migration limit refueling will depend on the magnitude of the loss of digestive tract tissue and thus digestive capacity relative to the magnitude of the spare digestive capacity available to the bird before migration. Birds in this study were able to lose 20% of their small intestine mass and 37%-48% of their hydrolysis capacity and still feed and gain mass at a high rate. However, decreases in small intestine masses observed in migrating yellow-rumped warblers (44%; D. Afik, unpublished data) are more than twice as severe as those we imposed. If migrating yellow-rumped warblers arriving at stopover sites have depleted their spare digestive capacity, they may have to rebuild their guts before they are able to eat and gain mass at a high rate. Our results lend further support to the idea that refueling in migratory birds is limited by digestive capacity, which is directly affected by digestive organ size. However, further study is needed to determine whether the degree of alimentary tract loss observed in migrating birds is severe enough to explain the time delay in mass gain observed at migratory stopover sites.
